In the developing nervous system, the intermediate filament protein vimentin is found in the proliferating neuroepithelium and neural crest. As development proceeds, postmitotic neurons cease vimentin expression and neurofilament proteins begin to accumulate. We have shown that olfactory receptor neurons deviate from the general pattern of neuronal intermediate filament expression, in that they continue to express vimentin or a highly vimentin-like protein rather than neurofilament proteins in the adult rat.
In the developing nervous system, the intermediate filament protein vimentin is found in the proliferating neuroepithelium and neural crest. As development proceeds, postmitotic neurons cease vimentin expression and neurofilament proteins begin to accumulate. We have shown that olfactory receptor neurons deviate from the general pattern of neuronal intermediate filament expression, in that they continue to express vimentin or a highly vimentin-like protein rather than neurofilament proteins in the adult rat.
With light-microscopic immunohistochemistry, three independently derived antibodies to vimentin label all portions of the primary olfactory projection, including the sensory neuron cell bodies in the olfactory epithelium, the fascicles of the olfactory nerve, and their axonal arbors in the glomeruli of the olfactory bulb. In contrast, anti-neurofilament antisera stain only rare scattered receptor cells and a small number of axons in the olfactory nerve. Electron-microscopic immunohistochemistry shows dense staining of olfactory axons with anti-vimentin.
The vimentin-like immunoreactive material in the olfactory nerve layer was characterized by SDS-PAGE and by immunoblotting. On immunoblots of homogenates of the olfactory nerve, the anti-vimentin monoclonal antibody SBV-21 (Blose et al., 1984) stains only a single protein of M, = 55 kDa. This band comigrates with vimentin in crude cytoskeletal material from the neonatal rat brain prepared according to the method of Dahl et al. (1981) . SBV-21 does not stain neurofilament triplet proteins or glial fibrillary acidic protein, which are also present in these blots.
These results demonstrate that the vast majority of olfactory receptor neurons and their axons contain vimentin or a protein of similar immunological character and electrophoretic mobility, while identifiable expression of neurofilament proteins is confined to a very small subpopulation. Hence, the switch in intermediate filament proteins that normally accompanies neuronal maturation is arrested in most olfactory neurons, and a "juvenile" biochemical marker is retained. This population of neurons is also unique among mammalian neurons in several other respects, including that olfactory neurons die during normal adult life or following injury and then are replaced from a proliferating pool of stem cells.
Intermediate filaments are morphologically similar, 8-l 1 nm components of the cytoskeleton found in many different cell types. However, there are five immunologically and biochem-ically distinct classes of subunit proteins, which are limited to specific cell types and tissues; these include the proteins of the neurofilament triplet which are found in PNS and CNS neurons, glial fibrillary acidic protein (GFAP), which is found in astrocytes in the CNS, and vimentin, which was originally described in cells of mesenchymal lineage (reviewed by Lazarides, 1980; Osbom et al., 1981) . During the development of the nervous system a characteristic change in intermediate filament protein composition occurs in both neurons and glia. Many, and possibly all, cells of the proliferating neuroepithelium of the CNS (including both neuronal and glial precursors) and of the migrating neural crest contain abundant vimentin (Cochard and Paulin, 1984; Houle and Federoff, 1983; Tapscott et al., 198 la, b; Ziller et al., 1983) . Subsequently, neuroblasts withdraw from the proliferative cell cycle, vimentin expression ceases, and neurofilament proteins accumulate in the vast majority of PNS and CNS neurons. For a brief period of time during embryonic development, vimentin and neurofilament proteins coexist in some young neurons or neuronal precursors both in vivo and in vitro before vimentin disappears completely (Bennett and DiLullo, 1985a, b; Bennett et al., 1982; Bignami et al., 1982; Cochard and Paulin, 1984; Jacobs et al., 1982; Tapscott et al., 1981a, b; Ziller et al., 1983) .
We report here that the receptor neurons of the olfactory epithelium deviate from the general pattern seen elsewhere in the nervous system. The olfactory sensory cells of the adult express high levels of vimentin or a vimentin-like protein, and neurofilament proteins are found in only a very small subset of these neurons. This observation is of interest because olfactory neurons are exceptional in another regard: They are the only neurons in adult mammals that are replaced following cell death. A continuous proliferation of precursor cells in the olfactory epithelium replaces the receptor neurons lost through natural turnover or experimentally induced injury (Graziadei and Monti Graziadei, 1978; Moulton, 1974) . Thus, the olfactory epithelium retains an important juvenile biological function, and its neurons retain a protein characteristic of neuronal precursors and young neurons.
Materials and Methods

Animals
Six-to eight-week-old Sprague-Dawley rats were obtained from a barrier isolated facility (Sasco Inc.); these were free of chronic rhinitis or epithelial atrophy as assessed by light-microscopic examination. Litters of newborn rats were used within 24 hr of birth.
Materials
All biochemical and immunohistochemical reagents were reagent grade and obtained from Sigma Chemical Co. unless otherwise specified.
Immunological reagents
Ascites fluid containing the anti-vimentin mouse monoclonal antibody SBV-2 1 was the kind gift of Dr. Stephen Blose. This antibody is a mouse IgG, generated by immunization with electrophoretically purified bo-vine lense vimentin (Blose et al., 1984; S. H. Blose, personal communication) . By radioimmunoassay (RIA), SBV-2 1 reacts specifically with vimentin and does not cross-react with other bovine intermediate filaments or tropomyosin. An additional anti-vimentin mouse monoclonal antibody was obtained from Lab Systems, Inc. This antibody was generated against porcine vimentin and bears the designation PK-V 1 (Lehtonen et al., 1983) . It reacts only with vimentin in cytoskeletal preparations from a variety of tissues, including some which also contain desmin (Lehtonen et al., 1983; Virtanen et al., unpublished observations) . A polyclonal rabbit anti-vimentin antiserum was the gift of Dr. Richard Hynes. It was raised against electrophoretically purified vimentin from the hamster cell line NIL-8 and stains only vimentin in SDS-PAGE gels of whole cell lysates (Hynes and Destree, 1978) . Three goat antisera to neurofilament subunit proteins were the gifts of Drs. Marcie Glicksman and Mark Willard (Hirokawa et al., 1984; Willard and Simon, 198 1) . The first, designated anti-M/H, was raised against the purified 195 kDa neurolilament subunit protein from rabbits affinitypurified with the 145 kDa subunit and absorbed with the 73 kDa subunit. The second, designated anti-M, was raised against and affinitypurified with the 145 kDa subunit protein as well as cross-absorbed with the H and L proteins. The third, designated anti-L, was raised against and affinity-purified with the 73 kDa subunit protein and absorbed with H and M. Rabbit antiserum to human glial fibrillary acidic protein (anti-GFAP) was the gift of Dr. Lany Eng (Bignami et al., 1972) . Rabbit antiserum to chicken muscle desmin was the gift of Dr. Maureen G. Price. This antiserum has been screened against the cytoskeletal proteins of bovine myocardium; on immunoblots, it is specific for desmin (M. G. Price, manuscript in preparation).
Tissue-bound primary antibody was visualized with a biotinylated secondary antibody and an avidin-biotinylated HRP complex (mouse IgG, goat IgG, and rabbit IgG Vectastain ABC kits, Vector Laboratories). The biotinylated horse anti-mouse IgG secondary antibody cross-reacted significantly with peripheral rat tissues, necessitating the preabsorption of this reagent (diluted in phosphate buffered saline containing 20% normal horse serum) by incubation for 1 hr with a mixture of minced rat tissues, including liver, skeletal muscle, thymus, kidney, lacrimal gland, and salivary gland, this markedly lowered background staining. For the biotinylated rabbit anti-goat IgG and the biotinylated goat anti-rabbit IgG secondary antibodies, the addition of 2% nonimmune rat serum reduced the background due to nonspecific binding of the secondary antibody to an acceptable level.
Indirect light-microscopic immunohistochemistry
Various fixation conditions were evaluated for the optimal preservation ofantigenicity in cryostat sections, including fresh-frozen unfixed tissue, fresh tissue fixed in acetone after sectioning, and perfusion fixation of tissue with low concentrations of buffered paraformaldehyde and glutaraldehyde. Qualitatively similar results were obtained using each method, but the most consistent retention of immunoreactivity together with good tissue preservation was obtained with a fixative composed of 0.0 1 M sodium periodate, 0.075 M lysine, and 0.5-l .O% paraformaldehyde in 0.1 M sodium phosphate buffer at pH 7.4 and 10°C (McLean and Nakane, 1974) . Adult rats were injected with a lethal dose of sodium pentobarbital, the thoracic cavity was opened, and the aorta was clamped. The blood was rinsed out with 50 ml of PBS before 400 ml of fixative was delivered under a constant pressure of 100 mm of Hg. The olfactory bulbs and anterior forebrain were removed either alone or in continuity with the posterior nasal septum and turbinates and their epithelial lining. In the latter case, the tissue was decalcified by immersion in a saturated solution of EDTA at pH 7.4 for 48 hr at 4°C. The fixed tissue was then equilibrated in 30% sucrose in PBS, embedded in OCT, frozen in liquid nitrogen, and stored at -70°C before sectioning. Cryostat sections 6-12 pm thick were collected on glass slides that had been coated with a gelatin-chrome alum solution and were stored at -20°C without apparent deterioration in antigenicity for several months.
Immediately prior to the application of the primary antibody, the sections were warmed to room temperature and rapidly dehydrated through to 100% cold alcohol or acetone extracted before rehydrating; this treatment improved antibody penetration and reduced nonspecific background. Nonspecific binding of the primary antibody to the sections was blocked by soaking the sections in PBS-5% normal horse serum (LM rinse buffer) for at least 10 min. Incubation with the primary antibodies was for 1 hr at room temperature in a solution of0.596 Triton X-100-PBS20% normal serum (from the same species as the corresponding secondary antibody). Primary antibodies were used at the following dilutions: anti-vimentin monoclonal antibody SBV-2 1 at 1: 1000, anti-vimentin monoclonal antibody PK-V 1 at 1:20, anti-vimentin polyclonal antiserum at 1:250, anti-neurofilament antisera at 2 &ml, anti-GFAP antiserum at 1:400, and anti-desmin antiserum at 1:80. For each of these, incubation of the tissue with nonimmune serum at equivalent concentrations was done as a control. After this incubation, the tissue was washed in three changes of cold LM rinse buffer for 10 min each.
The biotinylated secondary antibodies were diluted in PBS-20% normal serum (from the same species as the secondary antibody) and put on the sections for 1 hr at room temperature. The biotinylated horse anti-mouse was used at a final dilution of 1:50, while both the biotinylated rabbit anti-goat and the biotinylated goat anti-rabbit were used at 1: 150. At the end of this incubation, the tissue was washed in three changes of cold LM rinse buffer for 5 min each. The avidin-biotinylated HRP complex was used as recommended by the manufacturer, and the tisue was incubated in it for 1 hr, followed by three changes of rinse buffer for 5 min each.
The distribution of the HRP-labeled complex was visualized using 0.2% diaminobenzidine (DAB) and 0.01% hydrogen peroxide in 0.1 M sodium citrate buffer at pH 5.1. The reaction was allowed to proceed for 15 min, and then the sections were rinsed in three changes of water for a total of 15 min before either directly dehydrating and mounting them in DPX mountant (Gallard-Schlesinger Inc.) or first counterstaining them lightly in Harris' hematoxylin.
Indirect electron-microscopic immunohistochemistry
For the EM demonstration of the distribution of vimentin-like immunoreactivity, the protocol differed from that used at the light-microscopic level as follows. With regard to fixation, the best balance of areservation of antigenicity and tissue ultrastructure was achieved when ihe animal was permsed with 200 ml of 2% paraformaldehyde in 0.1 M sodium acetate buffer at OH 6.5 followed bv 200 ml of 2% paraformaldehyde/0.25% glutaraldehyde in 0.05 M sodium borate buffer at pH 10.5 (Berod et al., 198 1) . The olfactory bulbs were removed and immersed in the latter fixative for another hour, rinsed in PBS-4% sucrose (EM rinse buffer), and embedded in 3% agar. Vibratome sections 250 Mm thick were cut from the block and washed in EM rinse buffer for 1 hr. Further tissue preparation up to incubation in the primary antibody followed the orotocol of Eldred and co-workers (1983) . The tissue sections were transferred into 1% sodium borohydride in EM rinse buffer for 30 min and then washed in three changes of EM rinse buffer for a total of 1 hr before dehydration and rehydration through 40°Ya alcohol in PBS at room temperature. Nonspecific binding of antibody to the tissue was blocked with EM rinse buffer with 5% normal horse serum for 1 hr followed by overnight incubation at 4°C with either the monoclonal antibody SBV-2 1 or nonimmune mouse serum at 1:500 dilutions in 0.1-0.2% Triton X-100 in PBS containing 20% normal horse serum. After washing in three changes of rinse buffer with 5% normal horse serum for a total of 1 hr, the sections were incubated for 7 hr with the same concentration of preabsorbed biotinylated horse anti-mouse IgG as was described above, washed again, and transferred into the avidinbiotinylated HRP solution for overnight incubation at 4°C. After a final wash in rinse-buffer with 5% normal horse serum, the sections were reacted with the DAB solution for 5 min, rinsed, postlixed in 1% glutaraldehyde in 0.1 M phosphate buffer for 1 hr, and rinsed again. They were osmicated for 2 hr in a solution of 1% osmium tetroxide in rinse buffer, dehydrated through propylene oxide, and embedded in EponAraldite. Ultrathin sections taken near the surface of the block were examined with a Zeiss ZM-10 EM.
Biochemical characterization of immunoreactive material
Olfactory nerve and neonatal forebrain preparations Biochemical identification of the immunoreactive material was done by SDS-PAGE and immunostaining after electrophoretic transfer of proteins to nitrocellulose paper (Western blotting; Towbin et al., 1979) . Two types of preparations were used: a crude homogenate of the olfactory nerve layer (to provide the most complete representation of the protein composition of the olfactory nerve) and a cytoskeletal preparation from neonatal rat forebrain that is highly enriched for vimentin (after Dahl et al., 198 1) .
To prepare the olfactory nerve layer homogenate, the outer rind of the olfactory bulb (which was largely composed of the olfactory nerve Vol. 6, No. 7, Jan. 1986 layer) was dissected free on ice and stored at -70°C. Thirty milligram of tissue was homogenized in 3 ml of denaturing solution [l mM Tris buffer at pH 8.0, 0.5 mM EDTA at pH 8.0, 1.5% SDS, 2 mM DTT, 0.001 mM benzamidine, and 0.5 mM phenylmethylsulfonyl chloride (PMSF)] with a motorized Potter-Elvehjem tissue grinder. The homogenate was boiled for 5 min and then centrifuged at 140,000 x g for 45 min at room temperature. The supematant was made 10% in glycerol and 0.00 1% in Bromphenol blue and used for SDS-PAGE.
Cytoskeletal proteins highly enriched in vimentin were prepared by slight modification of the method of Dahl et al. (1981) . One gram of neonatal rat forebrain, excluding the olfactory bulbs, was homogenized in 20 ml of Triton extraction buffer (TEB) at 0°C (1% Triton X-100, 0.6 M KCl, 2 mM EDTA, 1 mM EGTA, 0.067 mg/ml pepstatin A, 0.133 mg/ml leupeptin, 0.5 mg/ml p-tosyl+arginine methyl ester (p-TAME), 0.001 M benzamidine, and 0.5 mM PMSF in PBS) at 4°C with a motor driven Potter-Elvehjem tissue grinder. This homogenate was passed through a 27 gauge needle to shear DNA and then centrifuged at 12,000 x g for 10 min. The pellet was rehomogenized in TEB at 20°C and then recentrifuged at 12,000 x g for an additional 10 min. The pellet, which contains the cytoskeletal elements, was solubilized by boiling for 10 min in denaturing solution-10% glycerol-O.OOl% Bromphenol blue and then clarified by centrifugation at 48,000 x g for 30 min. The supematant was used for SDS-PAGE.
SDS-PAGE
Protein concentrations of the supematants were determined by the method of Bramhall et al. (1969) . Samples of the preparations were run on 7-l 2% polyacrylamide gradient gels following the method of Laemmli (1971) .
Electrophoretic transfers and immunoblots
After separation by SDS-PAGE, a portion of the gel was stained with Coomassie blue, and the proteins in the remaining portion were electrophoretically transferred to nitrocellulose paper (Schleicher and Schuell, 0.45 pm pore size) for 400 V-hr using a Biorad Trans Blot Cell according to the method of Towbin et al. (1979) . After transfer, the paper was rinsed in PBS, and nonspecific immunoreactivity to proteins on the strips was blocked by incubation for 30 min in PBS with 5% normal serum (from the species in which the corresponding secondary antibody was raised). The primary antibodies were diluted in PBS with 20% normal serum as follows: SBV-2 1 at 1: 1000, nonimmune mouse serum at 1: 1000, anti-GFAP at 1: 1000, nonimmune rabbit serum at 1: 1000, anti-neurofilament antisera at 0.2 &ml, and nonimmune goat serum at 2 &ml. The nitrocellulose strips were incubated for 2 hr in the primary antibody, washed in three changes of PBS with 5% normal serum for a total of 30 min, incubated for 1.5 hr with biotinylated secondary antibodies at a dilution of 1:200 in PBS-2096 normal serum, washed again, and incubated for 1.5 hr with avidin-biotinylated HRP as recommended by the manufacturer. The complex was visualized by reaction in the DAB solution for 45 set, rinsed in water, and allowed to air-dry.
Results LM and EM immunohistochemistry were used to demonstrate the expression of vimentin-like immunoreactivity in the olfactory receptor neurons of the adult rat. Using SDS-PAGE and Western blots, we have characterized the antigen as vimentin or a protein of identical mobility as vimentin. Localization of vimentin-like immunoreactivity in the olfactory projection The two monoclonal anti-vimentin antibodies SBV-2 1 and PK-V 1 and the polyclonal anti-vimentin antiserum label all portions ofthe primary olfactory projection, including the sensory neuron cell bodies in the olfactory epithelium, their axons in the fascicles of the olfactory nerve, and their terminal portions in the glomeruli of the olfactory bulb ( Figs. 1 and 2) . Following indirect immunohistochemical staining of the olfactory epithelium, the HRP reaction product is deposited in the perinuclear cytoplasm of receptor neurons in the middle layers of the epithelium; this localization to the perinuclear cytoplasm is confirmed in sections counterstained with hematoxylin (not illustrated). On close examination with the light microscope, labeled dendritic processes from the neurons can be identified and seen to ascend to the apical epithelial surface, and labeled axons of the receptor cells descend to the basal lamina (Fig. 1, A, B) . Nonimmune mouse serum does not stain these elements (Fig. lc) . The un- Figure 3 . Electron micrographs of the olfactory nerve layer, which was immunohistochemically stained prior to plastic embedding. A, SBV-2 1 staining in the superhcial part of the olfactory nerve layer. In the fascicle of axons cut in cross section and in the other cut longitudinally, a majority of the axons contain electron-dense, globular DAB reaction product in their cytoplasm. B, Higher power of boxed areu in A showing multiple crosssectioned axons with varying amounts of HRP reaction product. C, Olfactory nerve layer from tissue incubated with normal mouse serum as a negative control. No staining is seen; the darker profiles in the axon are mitochondria. D, SBV-21 staining near the border of the olfactory nerve and glomerular layers; in the axon, dense reaction product is deposited throughout the cytoplasm but is excluded from the mitochondrion (asterisk). Scale bars, 1 pm throughout. derlying submucosa contains densely labeled fascicles of the olfactory nerve that are clearly distinct from stained blood vessels and connective tissue; packed bundles of labeled olfactory axons would be expected to produce a solid staining of the fascicles such as this. The labeled fascicles run caudally and dorsally, penetrate the cribriform plate, and coalesce into the olfactory nerve layer around the outside of the olfactory bulb. Close examination of this layer shows that the dense staining of the olfactory nerve layer actually consists of interweaving bundles of fibers ( Fig. 2A) . At their terminus, stained axons descend from the olfactory nerve layer into the subjacent glomeruli, where they form a dense plexus of labeled fibers (Fig.  2B) . Elsewhere in the olfactory bulb, the anti-vimentin monoclonal antibodies and polyclonal antiserum stained the leptomeninges, blood vessels, and some glia in the white matter of the periventricular layer (Fig. 2C) . Staining with these antibodies in other portions of the brain and in several peripheral tissues is entirely consistent with that described for anti-vimentin antisera and other monoclonal antibodies, including the prominent staining of radial glial elements and the neuroepithelium in the CNS early in the development (Osborn et al., 1984; Schnitzer et al., 1981; Shaw et al., 1981; Yen and Fields, 1981) .
Supporting cells as well as receptor neurons or their processes are found throughout the olfactory projection. Therefore, it is important to establish at all levels of the primary olfactory projection that these monoclonal antibodies actually stain receptor neurons and their axons. Several lines of evidence can be adduced at the light-microscopic level to support the assignment of the major component of this vimentin-like immunoreactivity to the olfactory neurons per se, rather than the supporting cell elements. The stained cells in the olfactory epithelium may be identified as neurons and distinguished from supporting cells by several criteria, including their position in the middle of the epithelium where neuronal somata are found. In contrast to the sensory neurons, the nuclei of the sustentacular cells are located more superficially in the epithelium , and there is none of the perinuclear type of cytoplasmic staining in this layer of the epithelium. In addition, the antivimentin-stained cells of the olfactory epithelium have a bipolar shape with labeled apical and basal processes, and this appearance closely resembles the morphology of receptor cells as shown by Golgi staining (Cajal, 19 1 l) , by staining with antiserum to olfactory marker protein, which is specific to the primary olfactory projection (Monti Graziadei et al., 1977) and by electron microscopy . In the olfactory nerve layer, the uniform and intense anti-vimentin staining is consistent with the high density of olfactory axons seen with the EM (Andres, 1965; Barber and Lindsay, 1982; Doucette, 1984; Pinching and Powell, 197 1) . In contrast, supporting cell processes are far less abundant and form septa that separate bundles of olfactory axons. These cells and their processes stain with anti-GFAP antisera, forming a pattern that is clearly distinguishable from that seen with anti-vimentin (Barber and Lindsay, 1982; cf. Figs. 2 and 6) . Finally, the anti-vimentin stained fibers that descend from the olfactory nerve layer and arborize in the glomeruli very closely resemble olfactory axons as visualized by Golgi staining (Cajal, 1911; Valverde, 1965) and in low-power electron micrographs (Pinching and Powell, 1971 ; cf. Fig. 2, B, D) .
These findings provide strong but indirect support for the proposition that vimentin or a highly vimentin-like material is expressed by the receptor neurons and the axons of the primary olfactory projection in adult rats. In order to eliminate the formal possibility that the axon-like pattern of anti-vimentin staining is due to some other closely associated but nonaxonal element, EM immunohistochemistry was done with SBV-2 1. EM examination demonstrates that SBV-2 1 does label olfactory axons in the olfactory nerve layer and that this type of staining is largely responsible for the light-microscopic results. These labeled axons have diameters on the order of 0.2 pm. Superficially in the olfactory nerve layer, they are arranged in closely packed bundles of many axons (Fig. 3, A, C') ; more deeply, the stained axons follow a slightly more torturous course as they enter the glomerular neuropil (Fig. 30) . By their individual appearance and their compaction into bundles, the stained axons are identical to descriptions of olfactory axons in routine electron-microscopic material (Andres, 1965; Pinching and Powell, 197 1) . Heterogeneity in axonal staining is apparent from examination of the illustrated electron micrographs. While most of the axons are stained (to varying extents), not all contain reaction product. Limited antibody penetration may account for this lack of uniform staining, since the fields illustrated by these micrographs were on the order of 10-20 pm from the surfaces of the block. Indeed, near the external surfaces of the block, a vast majority ofthe axons are stained, and this correlates well with the density of staining seen with the light microscope; the percentage of labeled profiles falls with distance from the block surfaces. There is no staining following incubation with the nonimmune mouse serum at any location relative to the block surfaces (Fig. 3, A vs C) . In addition to the olfactory axons, endothelial cells and some of the glial cells of the olfactory nerve layer are labeled. However, this glial cell component is much sparser and contributes much less to the overall pattern of the staining than does the axonal labeling. Biochemical characterization of vimentin-like immunoreactive material The immunoreactive material from the adult olfactory nerve layer was characterized biochemically and compared with a preparation of cytoskeletal material from the neonatal rat brain which is enriched in vimentin (Dahl et al., 1981) . Crude homogenates of the adult olfactory nerve layer contain proteins with a wide array of mobilities as visualized by Coomassie blue staining of SDS-PAGE gels. Nitrocellulose blots of these gels demonstrate that SBV-21 stains only a single band with jM, of 55 kDa (Fig. 4) . Similarly, in preparations of cytoskeletal material from neonatal rat forebrain, SBV-21 stains only a single band on immunoblots that has the same mobility as the dominant band in the Coomassie blue stained parallel lanes. This dominant band from the neonatal cytoskeletal preparation has been reported to comigrate with authentic vimentin purified from chondrocytes (Dahl et al., 198 l) , and this, in combination with the immunohistochemical demonstration of abundant staining of immature CNS with anti-vimentin antiserum, has led to its identification as vimentin. Mixing experiments with subsequent immunoblotting demonstrate that the vimentin from the neonatal cytoskeletal preparation corn&rates with the immunoreactive material from the adult olfactory nerve (Fig. 4) . These results argue that the immunoreactive material from the adult olfactory nerve is either vimentin or an immunologically related protein that has the same apparent mobility on SDS-PAGE.
SBV-2 1 did not stain either neurofilament proteins or GFAP, which were identified by incubation of immunoblots with the Figure 5 . A and B, Photomicrographs of the medial and lateral sides, respectively, of a cryostat section of the olfactory bulb stained with anti-M/H neurofilament antiserum. In both A and B the staining in the deeper layers of the olfactory bulb and the periglomerular layer is equivalent. However, staining in the olfactory nerve layer is apparent only on the lateral side. C and E, Higher power of the olfactory nerve layer from A and /3, respectively. On the medial side (C), there are no neurofilament labeled profiles, while on the lateral side (E), scattered axonlike fibers are stained. D, Photomicrograph of a portion of the lateral part of the olfactory epithelial sheet stained with anti-M/H neurofilament antiserum. A single olfactory neuron including its axon descending to the basal lamina (double arrowhead) is stained. In the submucosa, there are several other stained axons in a fascicle of the olfactory nerve (on). The apical epithelial surface is indicated by the single arrowhead. Scale bars, 100 pm for A and B; 5 pm for C-E. corresponding antisera. These experiments also served to conscattered olfactory receptor neurons, and these are found only firm the specificity of the other antisera. The anti-M/H neurofilin the posterolateral part of the epithelium (Fig. 5D ). They may ament antiserum stained bands of 200 and 148 kDa, while the be identified as receptor neurons by their location in the middle anti-M antisera stained the 148 kDa band and the anti-L antilayer of the epithelium, their bipolar form, and their slender serum stained a band of 68 kDa (data not shown). Anti-GFAP axon, which extends through the basal lamina. The number of immunoreactive material was confined to a single band of 49 these receptor neurons that stain with anti-neurofilament antikDa.
sera is estimated at less than 0.1% of the total. Scattered stained Localization of neurofilament proteins fibers are also present in the fascicles of the olfactory nerve, which convey the axonal projection from this part of the olfacThe localization of vimentin-like immunoreactivity to olfactory axons prompted us to study the distribution of neurofilament proteins in the primary olfactory projection (Fig. 5) . Each of the three anti-neurofilament antisera, anti-M/H, anti-M, and anti-L, gave a similar pattern of labeling. In contrast to the essentially universal staining of the epithelial sheet with the anti-vimentin antibodies, the anti-neurofilament antisera stain only rare and tory mucosa, but no staining is seen in those fascicles from the medial part. In correspondence with the projection of the epithelium onto the bulb (Clark, 1957; Costanzo and O'Connell, 1978; Land, 1973; Land and Shepherd, 1974) , these anti-neurofilament stained axons are seen only in the ventral and lateral portions of the olfactory nerve layer of the bulb, where they are scattered and few in number (Fig. 5, B, E) . There are no labeled fibers in the dorsal and medial parts of the olfactory nerve layer (Fig. 5, A, C) . In the remainder of the bulb, these antisera stained the centrifugal and mitral cell axons in the internal granular cell layer and a delicate fiber plexus in the external plexiform and periglomerular layers.
Localization of GFAP and desmin In order to further eliminate the possibility that the anti-vimentin staining in the primary olfactory projection is due to cross-reactivity with other closely related intermediate filaments, the patterns of staining with the anti-GFAP and the antidesmin antisera were also assessed and found to be distinctly different from that described for vimentin-like immunoreactivity. Our results with the anti-GFAP antiserum are similar to those reported by Barber and Lindsay (1982) . There is no GFAPlike immunoreactivity in the epithelium, but some stained profiles are present in the fascicles of the olfactory nerve in the submucosa. In the olfactory nerve layer of the bulb, GFAP-like immunoreactivity is localized to what appear to be the interstices between bundles of axons (Fig. 6 ). This corresponds with the localization of filament-containing glia by conventional electron microscopy (Doucette, 1984) and with the localization of GFAP to glia of the olfactory nerve by electron-microscopic immunohistochemistry (Barber and Lindsay, 1982) . In addition, anti-GFAP-labeled glial cells were prominent in the glomerular layer and scattered throughout the deeper layers of the bulb.
Staining with the anti-desmin antiserum is largely confined to astroglial-like cells , which in the olfactory bulb are located in the deeper layers, and only a few profiles are stained in the olfactory nerve layer. Since rat peripheral tissues known to contain desmin-including the smooth muscle of the uterus, small intestine, and stomach-stain with this antiserum (data not illustrated), it is likely that the antiserum reacts with rat desmin as well as bovine desmin (M. Price, manuscript in preparation). These results suggest that desmin is not present in any substantial amounts in the olfactory nerve layer.
Discussion
The principal result to emerge from this study is that olfactory sensory neurons in the adult rat contain vimentin or a vimentinlike protein. Furthermore, only a small subpopulation of sensory neurons (less than 0.1%) contain neurofilament proteins. This is the reverse of the situation in the vast majority of adult neurons elsewhere in the nervous system that contain neurofilament proteins but not vimentin (Liem et al., 1981; Shaw et al., 1981) .
Since some glial cells are known to contain vimentin, we seriously considered the possibility that the staining in the primary olfactory projection was due to supporting cells rather than the olfactory receptor neurons themselves. We were able to rule out this alternative for the following reasons. First, the anti-vimentin stained elements, particularly the cell bodies in the olfactory epithelium and the arborizations in the glomeruli of the olfactory bulb, look very much like the olfactory receptor neurons and their axons as described in Golgi and electronmicroscopic studies. Moreover, an antiserum to GFAP that does label supporting cells in the olfactory nerve and glomeruli (Barber and Lindsay, 1982) produces an entirely different pattern of staining than the anti-vimentin antibodies. Finally and most conclusively, vimentin-like immunoreactivity was localized to olfactory axons in the olfactory nerve layer of the bulb by electron-microscopic immunohistochemistry.
Two ancillary points need to be made about the electron-microscopic immunohistochemical findings. First, we are as yet unable to decide whether the lack of staining in some axons in the illustrated micrographs is solely due to incomplete penetration of the antibodies or Figure 6 . Photomicrograph of a section of the olfactory bulb stained with anti-GFAP antiserum. The labeled processes in the olfactory nerve layer are largely situated between bundles of olfactory axons. Stained glial cells are prominent in the glomerular layer and scattered throughout the remainder of the bulb, including the white matter of the periventricular layer. Scale bar, 100 pm.
whether there is also true heterogeneity of vimentin expression among the olfactory receptor neurons. Significantly, in electron micrographs of cross sections of the olfactory nerve, not all axons contain intermediate filaments (Andres, 1965) . If the immunoreactivity to SBV-2 1 were limited to these filaments, heterogeneity in axonal labeling could result. Second, glial cells in the olfactory nerve layer are stained with the monoclonal antivimentin antibody SBV-2 1, indicating that the olfactory axons are not the exclusive location of vimentin, although the axons are by far the most prominent labeled element.
Several lines of evidence argue that the material stained in the olfactory projection is vimentin or a very similar protein. Two monoclonal anti-vimentin antibodies and a polyclonal antivimentin antiserum, which were raised independently against electrophoretically purified vimentin from three different species, produce essentially the same staining pattern. It is extremely unlikely that all three of the above reagents recognize a common cross-reacting molecular species that has the same anatomical distribution as vimentin yet is not vimentin. In the case of SBV-21, the immunoreactive material in the olfactory nerve layer was characterized with SDS-PAGE and immunoblotting. This analysis shows that only a single immunoreactive band is present in olfactory nerve homogenates and that its apparent mobility, M, = 55 kDa, is similar to that of vimentin. This immunoreactive band comigrates with vimentin prepared from neonatal rat brain, which is a rich source of the protein (Dahl et al., 1981) . While immunolocalization of intermediate filament subunit proteins presents the special problem that many of these proteins share common antigenic domains, we have shown that antisera to neurofilament proteins, GFAP, and desmin produce an entirely different staining pattern than the antivimentin antibodies. This effectively rules out the possibility that the stained material in the olfactory receptor neurons is any of these proteins. However, our results do not establish a complete identity between the immunoreactive protein in the pri- Vol. 6, No. 1, Jan. 1986 mary olfactory projection and mesenchymal vimentin. Although vimentin is coded for by a single gene in hamsters (Quax et al., 1983) , it is still possible that posttranslational modifications differ in the two types of tissues. Similarly, we cannot completely eliminate the possibility that the protein in the olfactory axons is the product of a closely related gene.
During the development of the nervous system, vimentin is found in virtually all cells of the proliferating neuroepithelium and migrating neural crest (Houle and Federoff, 1984; Tapscott et al., 198la, b; Ziller et al., 1983) . Coexpression of vimentin and neurofilament proteins has been demonstrated in vivo and in vitro for young postmitotic neurons in the neural tube and the dorsal root ganglia Tapscott et al., 198 lb; Ziller et al., 1983) , but by the time adulthood has been reached, vimentin is undetectable in all neurons with the interesting exception of the horizontal cells of the mouse and rat retina (Drager, 1983; Shaw and Weber, 1983) . Instead, the intermediate filament subunit proteins found in mature neurons are typically neurofilament proteins (Liem et al., 198 1; Shaw et al., 198 1) . Our results show that most olfactory receptor neurons do not make the switch from vimentin expression to neurofilament protein expression and thus retain a biochemical marker typical of a juvenile stage in neuronal differentiation. In a minor subpopulation of olfactory receptor neurons (estimated at 0.1% or less of the total number), neurofilament proteins are detectable; we do not know whether they also contain vimentin. Parallel results have been found with Thy-1 expression. In this case, most of the olfactory receptor neurons and their axons in adult rats lack Thy-1 immunoreactivity ; J. E. Schwab, unpublished observations). This cell surface antigen is characteristic of neurons elsewhere in the mature PNS and CNS (Barclay and Hyden, 1978; . Levels of Thy-l are very low at birth, and the antigen subsequently accumulates during the first few postnatal weeks to the high levels characteristic ofthe adult (Barclay, 1979; Douglas, 1972; Mirsky and Thompson, 1975; Zwemer et al., 1977) . As in the case of neurofilament proteins, a small percentage of olfactory neurons do express Thy-l (J. E. Schwab, unpublished observations). Hence, Thy-l would appear to be a generally expressed biochemical marker of the later stages of neuronal development and of the mature state (Barclay, 1979) , which is largely lacking from the olfactory receptor neurons.
Besides the retention of vimentin and the absence of Thy-l immunoreactivity, olfactory receptor neurons are unique in the mammalian nervous system in several other respects. Embryologically, they are derived from the olfactory placode (Cuschieri and Bannister, 1975) rather than the neural tube or neural crest. Morphologically, they are extremely simple and receive no afferent innervation. They are directly exposed to the external environment. Moreover, during the normal course of adult life or following injury, the population of receptor neurons undergoes attrition by neuronal cell death and replacement from a pool of constantly proliferating stem cells. The newly generated neurons must then grow an axon to reinnervate the olfactory bulb and re-establish olfaction Monti Graziadei, 1979, 1980; Harding and Wright, 1979; Monti Graziadei and Graziadei, 1979; Moulton, 1974; Oley et al., 1975) . These factors might exert a regulatory influence on the olfactory receptor neurons that causes most of them to be arrested at a juvenile state of biochemical differentiation. Further experimental analysis of vimentin expression in the olfactory receptor neurons may help place these neurons within the general framework of the biochemical maturation of neurons as described by Willard et al. (1985) .
